A material's quality often determines its identity at both a fundamental and applied level. For example, the fractional quantum Hall effect simply does not exist in heterostructures of insufficient crystalline quality, 1-3 while silicon wafers 4-6 or non-linear crystals 7, 8 of low crystalline purity are electronically or optically useless. Even when surface states are topologically protected their visibility depends critically on obtaining extremely high crystalline quality in the bulk regions. 9 Extended defects with one dimensionality smaller than that of the host, such as 2D grain boundaries in 3D materials or 1D grain boundaries in 2D materials, can be particularly damaging since they directly impede the transport of charge, spin or heat, and can introduce a metallic character into otherwise semiconducting systems. Unfortunately, a technique to rapidly and non-destructively image 1D defects in 2D materials is lacking. Scanning transmission electron microscopy (STEM), 10-13 Raman, To explain the DF-SHG process near a MoSe 2 GB, we first determine its atomic structure using aberration-corrected high-resolution scanning transmission electron microscopy (AC-HRSTEM). Figure 1c shows a low-magnification STEM image of monolayer MoSe 2 .
A material's quality often determines its identity at both a fundamental and applied level. For example, the fractional quantum Hall effect simply does not exist in heterostructures of insufficient crystalline quality, 1-3 while silicon wafers 4-6 or non-linear crystals 7, 8 of low crystalline purity are electronically or optically useless. Even when surface states are topologically protected their visibility depends critically on obtaining extremely high crystalline quality in the bulk regions. 9 Extended defects with one dimensionality smaller than that of the host, such as 2D grain boundaries in 3D materials or 1D grain boundaries in 2D materials, can be particularly damaging since they directly impede the transport of charge, spin or heat, and can introduce a metallic character into otherwise semiconducting systems. Unfortunately, a technique to rapidly and non-destructively image 1D defects in 2D materials is lacking. Scanning transmission electron microscopy (STEM), [10] [11] [12] [13] To explain the DF-SHG process near a MoSe 2 GB, we first determine its atomic structure using aberration-corrected high-resolution scanning transmission electron microscopy (AC-HRSTEM). Figure 1c shows a low-magnification STEM image of monolayer MoSe 2 .
A high-angle annular dark field (HAADF) detector was used for STEM imaging and the edge of the MoSe 2 flake is highlighted by a yellow dotted line. Electron diffraction ( 
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With the atomic grain structure determined, we now discuss the mechanism behind the increased contrast of 1D defects in the DF-SHG images. xxx , the out-of-phase second harmonic electric field radiated from mirror grains will interfere destructively along small angles θ (with respect to the normal of the sample plane, inset in Figure 3 ), as can be described within a dipole model (see Supplementary Note S4). This explains the dark stripe in Fig. 3b . 18 On the other hand, larger θ can compensate for the phase offset from the two mirror grains, as constructive interference following d sin θ = λ/2, where d is the distance between the two grains within a laser spot size (radius of the Gaussian profile), and λ the SHG wavelength (λ = 475 nm). Figure 3c depicts this situation, where two anti-parallel domains give rise to a second harmonic emission that is directed at larger angles θ, as shown by the calculated 3D surface radiation (Fig. 3c) . Therefore, the SHG response from GB regions is emitted at larger angles, yielding the arc features shown in Fig. 3b and calculated in Fig. 3c . The effective spot size corresponds to d = 400 nm, as obtained from the SHG image analysis considering a Gaussian profile. We can thus estimate the direction of constructive interference to be at θ ≈ (36±2)
• , close to the 32
• measured from the far-field pattern ( Fig. 3b and Supplementary Note S5 for angle determination).
A similar anisotropy in second harmonic radiation has been observed for inversion domain boundaries in bulk nonlinear crystals, where due to the large thickness of the crystals phase matching can also occur, leading to so-calledČerenkov phase-matched second harmonic emission. 27, 28 In fact, any sharp discontinuity in χ (2) leads to this type of anisotropic second harmonic radiation. In the present case, the symmetry of the GB requires that +χ (2) → −χ (2) and the sample's edges require χ (2) → 0 due to the termination of nonlinear material. [29] [30] [31] [32] In our DF-SHG experiment, the patch stop removes the SHG radiation emitted at small angles, thereby favoring emission from 1D GBs and edges in semiconducting TMDs (Figs. 1, 2 ).
We next explore the GB DF-SHG signal for different fundamental photon energies. provide the large wave-vectors needed to excite plasmons localized along a pristine GB and although the longitudinal dielectric response is calculated here (accessible to EELS but not to optical spectroscopy), the breaking of translational symmetry by kinks along the GB (Fig. 1g) could supply the required momentum and allow photon-plasmon coupling, similar to that seen in bent nanowires 39 and finite-length 1D metallic quantum wires.
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This assumption is consistent with kink patterns observed in STEM (Fig. 1g and Supplementary Figure S4 ). Thus, we only consider the calculated EELS to reveal available plasmonic states in an ideal 1D GB, and assume the presence of sufficient translational symmetry breaking to activate plasmon-photon coupling.
The calculated mode-specific EELS, − [ n (q, ω)], is shown in Figure 4b , where we select the mode index n for the plasmon localized on the 4|4 GB (Supplementary Note S7).
As the momentum transfer increases from 0 to 0.6 π/a, where a is the MoSe 2 lattice constant 3.29Å, the spectral weight of the plasmon localized on the 4|4 GB decreases towards zero as the plasmon peak energy approaches 1.5 eV. This plasmon dispersion is shown in Figure 4c (solid curve), where the circle sizes are proportional to plasmon spectral weights. The dispersion for intra-band transition resonances, ( n (ω)), are plotted in a dashed line. Since each plasmon peak is determined by ( n (ω)) ≡ r = 0, the decrease in the EELS peak spectral weight,
that the imaginary part of the dielectric function is increasing due to the increasing contributions from inter-band transitions as the excitation energy approaches the band gap, i.e.
plasmons become damped by inter-band transitions approaching the 1.5 eV gap. 42 The calculated existence of a 1D plasmon mode and its complete damping beyond 1.5 eV are consistent with the measured SHG amplification only below 1.5 eV, as shown in Fig. 4a .
In conclusion, dark-field SHG microscopy provides rapid, high-contrast, non-destructive mapping of 1D defects in atomically thin 2D TMDs due to an interference-enhanced directional confinement of the nonlinear response across the 1D defect in a manner analogous to theČerenkov phase-matched second harmonic emission. The observed frequencydependent DF-SHG enhancement near the grain boundary suggests a prominent plasmonmodulated nonlinear optical response at 1D defects in atomically thin TMDs. Our results provide a direct pathway to electronically map the SHG response of 1D defects acting as nanoantennae within a 2D layered TMD, potentially applicable to other classes of 2D systems.
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